Objective Comparison of live birth rates and the perinatal outcomes after fresh and frozen embryo transfer between timelapse imaging (TLI) and standard culture (SC) incubators.
Introduction
Since the dawn of assisted reproductive techniques (ART), morphological grading of the embryo has been the gold standard for assessing embryo quality. Conventional morphological assessment of embryos incubated in standard culture (SC) incubators requires removal of the embryo from the incubator. A balance has had to be made between maximising the information from morphological assessment and minimising the perturbations in temperature, oxygen concentration, light and gaseous environment that prolonged or repeated periods of assessment can cause. Many laboratories, therefore, limit embryonic assessment to 'snap-shot' assessments at three key stages -confirmation of fertilisation and pronuclear assessment on the first day after oocyte retrieval, assessment at the cleavage stage (day 2 and/or day 3) and the blastocyst stage (day 5 and/or day 6). 1 The emergence of time-lapse imaging (TLI) systems has allowed observation of the embryos without disturbing them from the equilibrated environment of the incubator 2 and has provided a wealth of previously unavailable data regarding the pattern and time intervals of early human embryo development. 3 Algorithms developed using TLI systems have so far proven useful in predicting blastocyst development, 4 and/or implantation 3 and even aneuploidy. 5 Although these algorithms may be successful in the units where they were developed, it is not always possible to replicate results in other clinical settings. As there is probably no 'one-size fits all' algorithm in spite of various attempts, such as the KIDScore TM D3 and Vitrolife, 6 it may be prudent for each ART laboratory to develop their own individualised algorithms for use. 7 This limitation is further increased by inter-laboratory and inter-embryologist variation in embryo morphokinetic timepoint assessment and notation, leading to efforts to standardise the notation for embryo morphokinetic timepoints. 8 To date, no randomised controlled trials have shown an improvement in live birth rates using TLI 9 but some retrospective studies have shown an improvement. 10 A critical review on TLI noted the lack of cumulative live birth data from TLI incubators. 11 Although initial studies have provided reassurance that TLI does not have a detrimental effect on embryo development, implantation potential or clinical pregnancy rates, there is still insufficient evidence regarding the impact of TLI on the perinatal outcomes of preterm birth and birthweight.
Hence, we performed this study to compare the cumulative live birth and perinatal outcome data between TLI and SC incubators in our unit.
Methods
We performed a retrospective collection of data from all ART cycles performed at our tertiary care fertility unit from January 2014 to October 2015. There was a change of culture medium (from sequential to single step) from November 2015 in our laboratory and therefore we restricted data collection to this time frame to allow uniformity of culture conditions. Patients were not involved in the development of this retrospective study and no specific funding was sought for this study.
Ovarian stimulation and oocyte retrieval
Couples undergoing ART at our unit are given the option of using TLI or SC incubators. The TLI system used at our unit is the EmbryoScope â (Vitrolife, Aarhus, Denmark 
Embryo culture
Low oxygen was used (5%) for both SC and TLI along with 6% carbon dioxide and temperature of 37°C. In SC IVF and SC ICSI cycles, fertilised oocytes were placed in SC incubators (Planar Bench-top incubator BT-37, CooperSurgical, Malov, Denmark and Heracell TM 150i TriGas incubators; ThermoFisher Scientific, Drieich, Germany). In TLI IVF cycles, fertilised oocytes (at the pronuclear stage) were placed into the EmbryoScope â . In TLI ICSI cycles, the oocytes were placed into the TLI incubator after ICSI was completed. Where more than 12 oocytes were injected, the fertilised oocytes were placed in TLI incubators at the pronuclear stage. In TLI cases where there were more than 12 fertilised oocytes, randomly selected supernumerary zygotes were placed in SC incubators. To reduce the confounding effect of scenarios where embryos were cultured in both TLI and SC incubators, we restricted our data analysis to women who had 12 or fewer fertilised oocytes. In both SC and TLI cycles, a change from cleavage medium to blastocyst medium (Quinns Advantage TM ; CooperSurgical) was performed on day 3. In TLI cycles this was done by removing the slide from the EmbryoScope â , aspirating the cleavage medium in each microwell and replacing with the same volume of blastocyst medium. For SC cycles the embryos were moved into a fresh dish containing blastocyst medium. In both SC and TLI the embryos were cultured individually.
Embryos in TLI were annotated throughout the culture period to ascertain the timing of various morphokinetic events as defined by standard criteria 8 and annotation was performed for evenness of cell division at the two-and four-cell stage, multinucleation at the two-and four-cell stage, reverse cleavage and direct cleavage from one to three cells.
Quinns Advantage TM sequential culture media (CooperSurgical) was used with change of culture medium on day 3 for both SC and TLI systems. Individual embryo culture in micro-drops was done in both TLI and SC groups.
Embryo transfer and follow up
Embryo transfer was performed on either day 3 or day 5. Embryo grading was performed according to the Association of Clinical Embryologists guidelines. 12 If more than two embryos were of good quality (six or more cells graded ≥3 for both evenness and fragmentation), then extended culture was performed to the blastocyst stage. For SC cycles, embryo selection for transfer was done using morphological grading alone. In TLI cycles, embryo selection was primarily based on morphological grading with a secondary use of avoidance criteria, namely, uneven cell division at the two-cell stage, 13, 14 multinucleation at the fourcell stage, 15, 16 direct first cleavage from one to three cells [≤5 hours t3-t2 (t3, time for the embryo to reach 3 cell stage and t2, time to reach 2 cell stage)]
17,18 and irregular cleavage including reverse cleavage. 19 A urine pregnancy test was done 18 days after oocyte retrieval and an early pregnancy transvaginal ultrasound was done at approximately 7 weeks' gestation. A clinical pregnancy was defined as the presence of a gestational sac on ultrasound. A biochemical pregnancy loss was defined as a positive pregnancy test which did not result in a clinical pregnancy. A miscarriage was defined as a loss of a clinical pregnancy and a live birth was defined as the birth of a viable infant after 22 weeks' gestation. 20 Information regarding gestational age and birthweight was obtained by a follow-up questionnaire posted to the patient and was entered into the electronic database as required by the UK regulator, the Human Fertilisation and Embryology Authority.
Only live births from singleton pregnancies were included for analysis of perinatal outcomes to reduce bias due to vanishing twin pregnancies. Preterm birth (PTB) was defined as live birth before 37 weeks' gestation and early preterm birth (early PTB) as live birth before 32 weeks' gestation. Low birthweight (LBW) and very low birthweight (very LBW) were defined as birthweight >2500 and >1500 g, respectively, and macrosomia was defined as birthweight >4500 g. 20 We reported perinatal outcomes for fresh and frozen embryo transfers separately, as there is evidence for a difference in the incidence of preterm birth and low birthweight outcomes between these groups. 21 The core outcome measures for infertility trials (COMMIT) is still under development and therefore we utilised the International Glossary on Infertility and Fertility Care 2017 as the reference for the definitions. 20 
Frozen embryo transfer
In cycles with fresh embryo transfer, surplus good quality blastocysts were cryopreserved by vitrification. In cycles where fresh embryo transfer was not done, all good quality blastocysts were cryopreserved. Vitrification was done on day 5 or day 6 of embryonic development at the blastocyst stage using an open vitrification system (Cryotop â , and KT801 vitrification media; both Kitazato, Fujinomiya, Japan). Frozen embryo transfer was performed in either artificial cycles (employing a long agonist down-regulation protocol with estrogen priming of endometrium and addition of progesterone once the endometrium was noted to be >7 mm) or in natural cycles and embryos (warmed rapidly according to standard protocols; VT802 warming media; Kitazato).
The follow-up data after frozen embryo transfers was again obtained from the electronic database of our unit. As the origin of each embryo is linked to the oocyte retrieval cycle where the embryo was created, we were able to obtain the fate of cryopreserved embryos which had been created in ART cycles in the defined time period (January 2014 to October 2015) and used for frozen embryo transfer later. We were, therefore, able to calculate the cumulative live birth rate per oocyte retrieval calculated as the total number of live births following fresh and frozen embryo transfers divided by the number of oocyte retrievals. We chose to utilise the short-term cumulative live birth rate (live birth within 2 years of an oocyte retrieval as defined by Maheshwari et al. in their article). 22 Within 2 years of an oocyte retrieval, women would have been likely to have used all their frozen embryos in the event of unsuccessful embryo transfers but would be unlikely to have had two live birth episodes.
Statistical analysis
Statistical analysis was performed using SPSS (IBM SPSS Statistics for Windows, Version 24.0; IBM Corp., Armonk, NY, USA). For categorical variables, comparison was done using Chi-square test with Fisher's exact test being used when the number of events was small, and binomial logistic regression for adjusting confounding factors. If missing data was encountered, we planned to perform multiple imputation. Independent t-test was used to compare continuous variables and ANCOVA was used to adjust for confounding factors.
Results

Overall results
In the defined study period (summarised in Figure S1 ) there were 2064 ART cycles, of which 182 cycles had more than 12 fertilised oocytes and were excluded to avoid those ART cycles where sibling oocytes were cultured in TLI and SC systems. Of the remaining 1882 ART cycles, 1064 utilised TLI incubators (TLI cycles) and 818 cycles SC (SC cycles). Table 1 (with additional data in Table S1 ) outlines the overall outcomes of TLI and SC cycles. Of the 1064 TLI cycles, 1053 cycles had a fresh embryo transfer, with 392 live births. Among the 818 SC cycles, there were 784 fresh embryo transfers and 277 live births. Women having TLI were older than women having SC cycles: TLI 35.24 versus SC 33.13 years, mean difference (MD) 2.11 years, 95% CI 1.71-2.51 years. The number of oocytes retrieved and the number of fertilised embryos were similar between the two groups. There were more embryos transferred in TLI cycles in both the cleavage stage and the blastocyst stage. After adjusting for confounding variables such as age, number of oocytes retrieved and the number of embryos transferred, the fresh embryo transfer live birth per oocyte retrieval was noted to be higher with the use of TLI cycles: adjusted odds ratio (aOR) 1.28, 95% CI 1.05-1.57.
The mean age of women at the time of egg collection having frozen embryo transfer was again higher in the TLI group Subgroup analysis (≤37 and >37 years)
As there was a higher proportion of women aged >37 years in the TLI group, we performed subgroup analysis by age (age ≤37 and >37 years), detailed in Tables S2 and S3 .
Perinatal outcome -fresh embryo transfers
There were 341 and 252 live births in singleton pregnancies after fresh embryo transfer in the TLI and SC groups, respectively (Table 2) . Women undergoing TLI cycles were older than women having SC cycles (TLI 34.13 AE 3.74 versus SC 32.25 AE 4.50 years, MD 1.88, 95% CI 1.21-2.45). The number of cleavage stage embryos transferred was similar, but there was a higher number of blastocysts transferred in the TLI group (TLI 1.24 AE 0.44 versus SC 1.12 AE 0.34, MD 0.12, 95% CI 0.04-0.19). After adjusting for confounding factors including age, number of oocytes retrieved and number and stage of embryos transferred, it was noted that whereas the mean gestational age and PTB rates were not significantly different, the TLI group had a lower early PTB rate (TLI 0.6% versus SC 4.4%, aOR 0.11, 95% CI 0.02-0.51). The mean birthweight was higher in the TLI group (TLI 3311.71 AE 603.15 versus SC 3153.05 AE 717.48 g, aMD 174.78 g, 95% CI 64.80-284.77). There was no significant difference in the incidence of LBW or macrosomia but the incidence of very LBW was lower in the TLI group (TLI 0.6% versus SC 4.4%, aOR 0.11, 95% CI 0.02-0.52).
Perinatal outcome -frozen embryo transfers
The perinatal outcomes of 150 TLI group and 132 SC group live births in singleton pregnancies after frozen embryo transfer are given in Table 3 . The mean age of women was again higher in the TLI group but the number of blastocysts transferred was not significantly different. After adjusting for confounding factors including age and the number of embryos transferred, the mean gestational age and PTB rate were not significantly different between the groups. As there were no early PTB noted in the TLI group, logistic regression could not be done to adjust for confounders, but Fisher 
Discussion
Main findings
The fresh embryo transfer live birth rate was noted to be higher for TLI cycles than for SC cycles but the frozen embryo transfer live birth rates were not significantly different. Singletons born after fresh and frozen embryo transfers were respectively an average of 175 and 176 g heavier in the TLI group than in the SC group. The incidence of very LBW and early PTB was lower among singletons born after fresh embryo transfer in the TLI group than in the SC group. Among frozen embryo transfers, it was noted that the TLI group had a higher mean birthweight and a lower incidence of very LBW and PTB.
Strengths and limitations
The data are from a single unit and the same culture media and oxygen levels were used for both TLI and SC systems throughout the study time period. This is the first study reporting on frozen embryo transfer live birth rates and cumulative live birth rates following TLI and also the largest study to report on perinatal outcomes with a significant sample size (593 and 282 singleton live births after fresh and frozen embryo transfer, respectively). In addition, to reduce skewing of the data due to vanishing twins, we have separately described the baseline characteristics for singleton pregnancies and excluded multiple pregnancies (even those which eventually resulted in a singleton birth) and included only live births from singleton pregnancies. Our study was a retrospective analysis and although we adjusted for confounding factors (including age, number of oocytes retrieved and the number and stage of the embryos transferred), there could be unknown confounding factors influencing the outcomes.
The 2015 Cochrane review on the role of TLI highlighted a scarcity of data to show a difference in clinical outcomes using TLI due to the limited sample size of the three included studies. Only one study, including only 76 women, reported on live birth rates and no statistical difference could be found. 9 With a sample size of 1882 ART cycles, our study was better powered to evaluate difference in live birth outcomes.
Retrospective studies which have the advantage of a larger sample size have suggested that the use of TLI does improve the live birth outcomes. 10, 23 One study 10 which included 728 ART cycles suggested that the improvement in live birth rates is likely due to improved embryo selection with the use of algorithms based on morphokinetic parameters.
A recent follow-up study from a randomised controlled trial concluded that there were no increased obstetric or perinatal risks with the use of TLI incubators. 24 Criticisms raised about this study include differing culture conditions including the use of single and group culture of embryos in the different groups and a relatively small sample size (271 singleton births: 149 TLI group and 122 SC group), which may not have been sufficient to detect smaller differences in perinatal outcomes. In addition, the baseline characteristics of the singleton pregnancies were not described separately and vanishing twin pregnancies could have influenced the results. 25 
Interpretation
Ours is the largest study to compare cumulative live birth rates and perinatal outcome data between TLI and SC incubators and it has shown some intriguing results. The higher live birth rate in the TLI group could be due to the reduced incidence of biochemical pregnancy loss. Causes of biochemical pregnancy include embryonic stress, which would have been reduced by minimising the disturbance to culture systems using the TLI system. 26 A criticism of TLI technology is that it is still unclear whether the improvements in clinical outcome are due to better embryo selection or to reduced interruption of the culture system. Our data that fresh embryo transfer live birth rates are improved without a decline in frozen embryo transfer live birth rates suggests that the benefits of TLI systems may extend beyond embryo selection. The data on cumulative live birth rate in our subgroup analysis of women ≤37 years (detailed in Table S2 ) appears to reinforce this suggestion. There is some evidence that stress on the pre-implantation embryo, including environmental stress, could lead to altered metabolic homeostasis and altered epigenetic patterns in the embryo with long-term impacts and hence it is plausible that TLI systems, through reduction in changes in culture conditions, could help reduce the incidence of adverse perinatal outcomes. 27 Time-lapse imaging has been criticised for the interlaboratory variation in the algorithms utilised and it has also been suggested that each laboratory would need to develop individual algorithms. 7 In our centre, we primarily utilised embryo morphology along with deselection of irregularly and unequally cleaving embryos, those with multinucleated blastomeres, and embryos with direct cleavage (one to three cells), rather than algorithms. The findings of our study could indicate that it would be unnecessary to rely on algorithms to derive a benefit from TLI, which could lead to wider utilisation of this technology. Further accumulation of morphokinetic data may lead to still better embryo selection algorithms in the future.
Low birthweight and preterm birth have been associated not only with neonatal morbidity and mortality but also with long-term health outcomes and this widens the relevance of the findings of our study. 28, 29 We switched to the use of single-step culture medium from November 2015 at our unit, which eliminated the requirement for the change of culture medium on day 3 that was the case in our current study, and we will report this data in a future study to assess whether this makes any difference to clinical outcomes.
Conclusion
This retrospective study comprises the largest sample size from a single unit reporting on both fresh and frozen embryo transfer outcomes using TLI systems. There appears to be a lower incidence of adverse perinatal outcomes and a higher mean birthweight with the use of TLI in both fresh and frozen embryo transfers which merits further work in future studies. In light of this data, we are planning to assess whether the use of time-lapse imaging is cost-effective in terms of both cost-per-live birth and savings to the health system due to improved perinatal outcomes.
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